The SRB-2 aptamer originally selected against sulforhodamine B is shown here to promiscuously bind to various dyes with different colors. Binding of SRB-2 to these dyes results in either fluorescence increase or decrease, making them attractive for fluorescence microscopy and biological assays. By systematically varying fluorophore structural elements and measuring dissociation constants, the principles of fluorophore recognition by SRB-2 were analyzed. The obtained structure-activity relationships allowed us to rationally design a novel, bright, orange fluorescent turn-on probe (TMR-DN) with low background fluorescence, enabling no-wash livecell RNA imaging. This new probe improved the signal-to-background ratio of fluorescence images by one order of magnitude over best previously known probe for this aptamer. The utility of TMR-DN is demonstrated by imaging ribosomal and messenger RNAs, allowing the observation of distinct localization patterns in bacteria and mammalian cells. The SRB-2 / TMR-DN system is found to be orthogonal to the Spinach/DFHBI and MG/Malachite green aptamer/dye systems.
INTRODUCTION
Methods for the real-time visualization of RNA in single cells are indispensable to reveal their function, localization, processing and dynamics (1, 2) . Currently the most popular approach is to use fluorescent protein (FP)-tagged RNA binding proteins (RBP), while the RNA of interest (ROI) is genetically fused to multiple repeats of the recognition motif for the RBP (3) (4) (5) (6) . Even though tandem repeats combined with the massive protein cargo might have detrimental effects on the function of the ROI in this method, they are crucial for differentiating the fluorescence signal of the ROI from free FP-RBP and for maintaining a high signal-tonoise ratio. Other approaches to fluorescently label specific RNAs in living cells, such as microinjection (7) and complementary RNA probes (8) , are either invasive or they are likely to alter RNA functions including localization, translation or degradation rate (1) . Recently, a CRISPR-Cas9 system has been tweaked to target single-stranded RNA and used for RNA imaging using Cas9-FP conjugates (9) , which could make live-cell RNA imaging a straightforward and accessible practice in the near future. However, it has remained challenging to image RNAs with smallmolecule fluorophores which offer significant advantages such as small size and superior fluorescence properties (10) . Post-transcriptional tRNA-modifying enzymes, tRNA Ile2 agmatidine synthetase (Tias) (11) and tRNA guanine transglycosylase (TGT) (12) , have been successfully used for sitespecific covalent labeling of RNAs with azide, alkyne or fluorophore containing substrates. Since in this approach the fluorophores are covalently attached to the recognition motif of tRNA-modifying enzymes fused to the ROI, cells can be excessively washed after the labeling reaction to remove the background fluorescence, which results in high signalto-background ratios. Fluorescence-enhancing RNA aptamers also hold great potential for this purpose. The ROI can be fused to a small RNA aptamer that strongly binds to a conditionally fluorescent dye, which is non-fluorescent in solution but becomes highly fluorescent when bound to the aptamer. Prominent examples of such RNA aptamers are Spinach (13) , its close relatives Broccoli (14, 15) and Corn (16) , Mango and its derivatives (17, 18) , malachite green (19, 20) , DIR2s (21, 22) , BHQ (23, 24) and SRB-2 (25) (26) (27) (28) , which have been successfully employed for imaging highly abundant and stable RNAs in live or fixed cells. Here, we investigated the substrate promiscuity of the SRB-2 aptamer in detail and discovered a panel of different-colored, very bright fluorescence turn-on dyes which were previously unknown to be SRB-2 ligands. These fluorogenic dyes allowed us to image mRNAs and rRNAs with distinct localization patterns in living bacterial and mammalian cells.
MATERIALS AND METHODS

General materials and methods
All reagents were purchased from Sigma-Aldrich or Thermo Fisher Scientific unless otherwise specified * To whom correspondence should be addressed. Tel: +49 6221 544851; Fax: +49 6221 546430; Email: jaeschke@uni-hd.de C The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com e110 Nucleic Acids Research, 2018, Vol. 46, No. 18 PAGE 2 OF 10 and used without further purification. Reverse phase HPLC purifications were performed on a Lobar ® 310-25 LiChroprep ® RP-18 (40-63 m) column (Merck) and compounds were eluted with a mixture of acetonitrile and water containing 0.1% trifluoroacetic acid. High resolution mass spectra were recorded on a Bruker microTOFQ-II ESI mass spectrometer. RNA concentrations were determined by NanoDrop ND-1000 spectrophotometer (peqLab). Fluorescence measurements were performed with a Jasco spectrofluorometer FP-6500 (Jasco). Absorbance spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Varian). Agarose gels were stained with ethidium bromide and visualized by UV illumination using AlphaImager™2200. Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). Restriction endonucleases were purchased from Thermo Fisher Scientific. HeLa cells (DSMZ, ACC 57) were cultured at 37
• C under 5% CO 2 in Dulbecco's Modified Eagle's Medium, high glucose, without phenol red (Sigma Aldrich) supplemented with 10% FBS, 2 mM GlutaMAX, 100 unit/ml penicillin and 100 g/ml streptomycin. BL21 Star™ (DE3) cells (Thermo Fisher Scientific) were typically grown at 37
• C with shaking at 150 rpm in Luria-Bertani (LB) medium.
In vitro transcription of SRB-2
SRB-2 DNA sequence: 5 -GGAACCTCGCTTCGGCG ATGATGGAGAGGCGCAAGGTTAACCGCCTCAG GTTCC-3 . T7 RNA polymerase (0.2 M) was added into a transcription mixture containing the double stranded DNA template (5 -TTCTAATACGACTCACTATAGG AACCTCGCTTCGGCGATGATGGAGAGGCGCA AGGTTAACCGCCTCAGGTTCC-3 , the sequence of T7 promoter is underlined, 0.5 M), NTPs (4 mM each), DTT (10 mM), spermidine (1 mM), Tris-HCl (40 mM, pH 8.1), MgCl 2 (22 mM), Triton-X-100 (0.01%), BSA (40 g/ml) and pyrophosphatase (1 U/ml). After 4 hours at 37
• C, the reaction mixture was treated with DNaseI (50 U/ml) for 30 min at 37
• C. RNA was purified by electrophoresis on a 10% denaturing polyacrylamide gel and excised from the gel. After soaking the gel in sodium acetate buffer (0.3 M, pH 5.2) overnight, RNA was ethanol precipitated and dissolved in water. RNA concentration was determined using NanoDrop ND-1000 Spectrophotometer and samples were stored at -20
• C.
Screening for SRB-2 binders by using fluorescence spectroscopy
This screening is based on the change in fluorescence intensity or excitation/emission wavelength of fluorophores upon binding to SRB-2 aptamers. Basically, the fluorescence intensity, excitation and emission spectrum of each dye (1 M) was recorded in the absence and presence of SRB-2 aptamer (10 M) in a solution containing 1X buffer A (20 mM Hepes, pH 7.4, 5 mM MgCl 2 and 125 mM KCl) at room temperature using exactly the same fluorescence measurement settings. The molecules which showed any change in the fluorescence features upon addition of SRB-2 aptamer were further studied in detail. Before fluorescence measurements, SRB-2 (12 M dissolved in water) was incubated at 75
• C for 2 min, and then cooled down to 25
• C over 10 min to promote the correct folding of the aptamer. Then, one-fifth volume of 6× buffer A was added and the aptamer solution was incubated at 25
• C for additional 10 min.
Determination of dissociation constants and turn-on/off ratios Dissociation constants (K d ) for the SRB-2/probe complexes were determined by measuring the increase or decrease in the fluorescence intensity as a function of increasing RNA concentration in the presence of a fixed amount of the probe (10 nM for pyronin Y, pyronin B, acridine orange and TMR-DN; 50 nM for oxazine 1, Atto 495 and 9-aminoacridine) at 25
• C. Just before the measurements, SRB-2 was folded in buffer A as mentioned before. First, excitation and emission spectra of the probes in 1X buffer A in the absence or presence of SRB-2 (10 M) were recorded using the same fluorescence measurement settings. For the fluorescence turn-on probes, the excitation and emission maxima of the SRB-2/probe complex were used in the fluorescence measurement settings. On the other hand, for the fluorescence turn-off probes, the excitation and emission maxima of the probe were used in the fluorescence measurement settings. Dissociation constants were calculated after fitting the curves to the following equation by using least-square fitting (OriginPro 8.5.1):
where F is the fluorescence at any given SRB-2 concentration, F 0 is the fluorescence of a free probe with an initial concentration of P 0 , F ∞ is the maximum complex fluorescence, [Apt] is the concentration of added SRB-2 and K D is the dissociation constant. The fluorescence turn-on value is defined as the ratio of the fluorescence peak intensity of the fluorophore (20 nM) in the presence of SRB-2 (the concentration should be ≥20 × K D ) to the fluorescence peak intensity of the fluorophore (20 nM) in the absence of SRB-2. For turn-on measurements and calculations, the excitation and emission maxima of the SRB-2-fluorophore complex were used. The fluorescence turn-off value is defined as the ratio of fluorescence peak intensity of the fluorophore (20 nM) in the absence of SRB-2 to the fluorescence peak intensity of the fluorophore (20 nM) in the presence of SRB-2 (the concentration of the aptamer should be ≥20 × K D ). For turn-off measurements and calculations, the excitation and emission maxima of the fluorophore were used.
Magnesium dependence of SRB-2/TMR-DN complex
The SRB-2 aptamer (1.2 M in water) was incubated at 75
• C over 10 min
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• C. Fluorescence values were recorded upon addition of TMR-DN (1 M) using the following instrument parameters: excitation wavelength of 561 nm, emission wavelength of 587 nm and slit widths of 5 nm.
Temperature dependence of SRB-2/TMR-DN complex SRB-2 (1 M) folded as described above in buffer A containing 1 mM of magnesium was incubated with TMR-DN (1 M). The fluorescence decay was recorded upon increasing the temperature from 25 to 70
• C using the following instrument parameters: excitation wavelength of 561 nm, emission wavelength of 587 nm, slit widths of 3 nm, temperature increase of 1
• C in 2 min.
Folding assay
This assay was carried out using a slightly modified procedure of Strack et al. (29) . SRB-2 and TMR-DN were mixed in two different ratios where either SRB-2 or TMR-DN is in excess and the fluorescence intensity of the SRB-2/TMR-DN complex was measured. First, the fluorescence intensity of a mixture containing 1 M of SRB-2 (10-fold in excess) and 100 nM of TMR-DN was measured (F 1 ) where the amount of formed complex is determined by the limiting component TMR-DN. Second, the fluorescence intensity of a mixture containing 100 nM of SRB-2 and 1 M of TMR-DN (10-fold in excess) was measured (F 2 ), where the amount of formed complex is determined by the limiting component SRB-2. Third, the fluorescence intensity of the 1 M of TMR-DN was measured (F 3 ) for background corrections. In the first condition, we assume that there is enough correctly folded SRB-2 to complex with almost all TMR-DN. However, in the second condition, we assume that the amount of complex equals to the amount of correctly folded SRB-2. The ratio of these fluorescence intensities (after background correction for unbound excess TMR-DN) revealed the percentage of correctly folded SRB-2. Fluorescence values were measured in 20 mM Hepes (pH 7.4), 1 mM MgCl 2 and 125 mM KCl at 25
• C and 37
• C. The fraction of the correctly folded aptamer ( f ) was calculated by using the equation given below:
Determination of quantum yields
For quantum yield (QY) measurements, sulforhodamine 101 (QY = 1.00 in ethanol) (30) , fluorescein (QY = 0.925 in in 0.1 M sodium-borate buffer, pH 9.1) (31), oxazine 1 (QY = 0.141 in ethanol) (32) and pyronin Y (QY = 0.47 in water) (33) were used as standards. Basically, the integral of the fluorescence emission spectra and the absorbance of the substances at the excitation wavelength were measured and plotted in a graph by using at least four different concentrations of the compounds. It is important to keep the absorbance of these compounds below 0.05 to avoid inner filter effects in the fluorescence measurements. The slope of the line was compared with that of the reference compound and the quantum yields were measured by using the equation given below:
where m is the slope of the line obtained from the plot of the absorbance vs. the area under the fluorescence emission spectrum, n is the refractive index of the solvent and the subscript R refers to the reference fluorophore with a known quantum yield.
Live cell imaging of SRB-2 in E. coli
Imaging of SRB-2 aptamer in bacteria was performed using a slightly modified procedure of Paige (13) et al. BL21 Star™ (DE3) competent E. coli cells were transformed with either pET28-tRNA or pET28-SRB-2 plasmids. On the next day, single colonies were picked from LB-agar/Kanamycin (30 g/ml) plates and grown in 5 mL of LB medium containing kanamycin (30 g/ml) overnight at 37
• C with shaking at 150 rpm. A fresh culture was started using the overnight culture as a starter culture with an OD 600 of 0.05 in a 50 ml baffled Erlenmeyer flask containing 10 ml of LB medium with 30 g/l kanamycin. When OD 600 was 0.4, IPTG (1 mM) was added into the flask, and cells were shaken for an additional 2-3 h at 37
• C. Then, 200 l of the culture was removed, spun down and resuspended in 1 ml of live cell imaging solution (Thermo Fisher Scientific) supplied with 5 mM MgSO 4 . 200 l of this suspension was transferred into a poly-D-lysine coated 8-well glass chamber and incubated at 37
• C for 30 min. Finally, the wells were gently washed twice and bacteria were incubated with 500 nM of appropriate fluorogenic dye (pyronin Y, pyronin B, acridine orange, Atto 495, SR-DN or TMR-DN) in live cell imaging solution at 37
• C. Bacteria were imaged after 10 min of incubation. An automated wide field epifluorescence microscope Nikon TiE equipped with a Nikon 100x Plan Apo lambda oil immersion objective (NA 1.45), a cooled CCD Hamamatsu Orca-AG camera and an on-stage TokaiHit incubator box were used for imaging. For the fluorescence illumination, a metal halide lamp and the following filter settings are used: for acridine orange and Atto 495: 470/30 nm excitation filter, 495 nm dichroic beam splitter, 525/30 nm emission filter; for TMR-DN and SR-DN: 560/40 nm excitation filter, 595 nm dichroic beam splitter, 630/60 nm emission filter. Images were analyzed by Fiji/ImageJ and the background correction was done by subtracting the mean fluorescent value of a surface area, where no E. coli cells are attached, from the whole image.
Live cell imaging of 5S rRNA in HeLa cells
HeLa cells were cultured at 37
• C under 5% CO 2 in Dulbecco's Modified Eagle's Medium-high glucose, -without phenol red supplemented with 10% FBS, 2 mM Gluta-MAX, 100 unit/ml penicillin and 100 g/ml streptomycin. For imaging experiments, HeLa cells were seeded overnight in -Slide (chambered coverslip) with 8 wells (Ibidi, ibiTreat) to obtain 60-80% confluency. On the following day, e110 Nucleic Acids Research, 2018, Vol. 46, No. 18 PAGE 4 OF 10 the cells were co-transfected with a 1:10 mixture of pcDNA-CFP (transfection control) and pAV-5S-SRB-2 using FuGeneHD transfection reagent (Promega) according to the manufacturer's protocol. pAV-5S plasmid was used in control experiments to observe the background fluorescence. After 24-36 h at 37
• C, the medium is exchanged with FluoroBrite DMEM Media containing 2 mM GlutaMAX and 500 nM TMR-DN. HeLa cells were incubated in this serumfree medium for 30 min prior to imaging. An automated wide field epifluorescence microscope Nikon TiE equipped with a Nikon N Apo 60× lambda oil immersion objective (NA 1.40), a cooled CCD Hamamatsu Orca-AG camera and an on-stage TokaiHit incubator box were used for imaging. For the fluorescence illumination, a metal halide lamp and the following filter settings are used: for CFP: 470/30 nm excitation filter, 495 nm dichroic beam splitter, 525/30 nm emission filter; for TMR-DN: 560/40 nm excitation filter, 595 nm dichroic beam splitter, 630/60 nm emission filter. Images were analyzed by Fiji/ImageJ and the background correction was done by subtracting the mean fluorescent value of a surface area, where no HeLa cells are attached, from the whole image.
Synthesis
SR-DN and TMR-DN were synthesized and purified as described in the literature (26, 27) . It is worth mentioning that the synthesized dyes for in vivo imaging applications have to be extremely pure. Since the contact-quenched dyes are non-fluorescent, any fluorescent impurity would dramatically decrease the turn-on ratios and detrimentally affect the live cell imaging experiments.
RESULTS
Substrate promiscuity of SRB-2
The SRB-2 aptamer was originally selected against the fluorophore sulforhodamine B by SELEX (34) and binds to its target with a K d of 310 nM (25) (Figure 1A ). It was previously reported that both the xanthene ring system and the negative charges on the sulfonate groups are important for binding of the dye to the aptamer (25) . Apart from that, not much was known about the structural requirements for high-affinity binding. As the recognition of negative charges by the poly-anionic RNA is a rather difficult task (35), we analyzed the structure-function relationships by measuring aptamer-target complex formation using a panel of systematically varied fluorophores ( Figure 1B , Supplementary Figure S1 and S2). We first tested whether pyronin B, entirely missing the sulfonated lower aromatic ring of sulforhodamine B, could bind to SRB-2 and observed ∼1.2-fold higher affinity (K d = 251 nM, Figure 1B) , contradictory to what was reported earlier (25) . Furthermore, pyronin B showed ∼7.5-fold fluorescence turn-on upon binding to SRB-2, which is an essential property for no-wash live-cell RNA imaging experiments. Based on this finding, we tested the binding affinity of SRB-2 to several other dyes with similar structures. Replacement of the two diethylamino groups on the xanthene ring of pyronin B by dimethylamine yields pyronin Y, which showed ∼4.3-fold Figure S3) . Acridine orange, which contains a nitrogen atom instead of an oxygen in the xanthene core, showed a ∼70 nm blue shift compared to sulforhodamine B, and emitted in the green region of the spectrum (emission at 525 nm) when bound to SRB-2. It presented ∼6.6-fold fluorescence turn-on upon binding to the aptamer and had only 1.5-fold lower affinity than pyronin Y towards SRB-2 (K d = 88 nM), indicating the tolerance of the aptamer at this particular position. Even attachment of an alkyl chain to the xanthene ring nitrogen atom of acridine orange (as in Atto 495) is tolerated, reducing the affinity to roughly the value of the original target, sulforhodamine B ( Figure 1B) . Removal of the dimethylamino groups from the acridine orange core structure, as in the case of 9-aminoacridine, had a dramatic impact on binding affinity, reducing it 34-fold compared to acridine orange. SRB-2 was also able to bind to oxazine 1 (K d = 260 nM), a near-IR fluorescent dye. This dye is, however, a turn-off fluorophore, as its fluorescence decreases ∼4.1-fold when bound to SRB-2, which makes it impractical for no-wash RNA imaging experiments. Considering all fluorophores tested for binding to SRB-2 ( Figure 1B, Supplementary Fig- 
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Nucleic Acids Research, 2018, Vol. 46, No. 18 e110 ure S1, Table 1 ), we conclude that pyronin Y has the minimal structural elements required for high-affinity binding, and that SRB-2 can bind to a variety of fluorophores covering various parts of the visible and near-IR spectrum.
Imaging SRB-2 in bacteria using fluorophores with different colors
Intrigued by their high fluorescence turn-on factors and strong binding to SRB-2, we investigated the applicability of pyronin B, pyronin Y, acridine orange and Atto 495 for no-wash, live-cell RNA imaging experiments in bacteria. E. coli transformed with a plasmid carrying a single copy of the SRB-2 sequence embedded in a tRNA scaffold (26) were grown to OD 600 of 0.4 at 37
• C and the transcription was induced by addition of 1 mM IPTG. After 2 hours, bacteria were immobilized on a poly-D-lysine coated glass surface and briefly incubated with the dyes for 10 minutes at 37
• C. The fluorescence inside the SRB-2-expressing bacteria was compared to the control cells expressing only tRNA. When incubated with pyronin B, pyronin Y or acridine orange, SRB-2-expressing bacteria showed considerably higher fluorescence than the control bacteria ( Figure  2A ). In the case of Atto 495, we did not observe higher fluorescence, presumably due to its lower affinity towards SRB-2 and nonspecific binding to other cellular components. Pyronin Y showed the highest signal-to-background ratio (∼10-fold), calculated by the division of the average fluorescence inside the SRB-2 expressing bacteria by the fluorescence inside the control bacteria, yet acridine orange yielded a ratio of only ∼1.5-fold ( Figure 2C ). Although these new fluorophores increase the substrate scope and allowed for SRB-2 imaging with different colors, when compared to our previously developed fluorophore-contact quencher conjugate SR-DN (26) (Figure 2B ), they exhibited significantly higher background inside the control bacteria (Supplementary Figure S4 ). This is likely due to known non-specific intercalation of those positively charged planar dyes into intracellular RNAs/DNAs (36) , and the relatively high fluorescence quantum yields of the free fluorophores (Table 1) . Thus, while not relevant for the specific binding to SRB-2, the negatively charged sulfonated aromatic ring in sulforhodamine B seems to be important for preventing unspecific DNA/RNA binding. The calculated signal-to-background ratios depend strongly on the expression level of SRB-2 in bacteria; the higher the copy number of SRB-2, the higher the signal-to-background ratio. The number of SRB-2 transcripts in this system can be controlled by changing the IPTG concentration during cell growth. We calculated the average copy number of SRB-2 per bacterium treated with 1 mM of IPTG for 2 h at 37
• C as 3.6 × 10 4 (Supplementary Figure S5) .
Rational design of a superior probe
The five-fold higher affinity of SRB-2 for pyronin Y, compared to its original target sulforhodamine B, made this compound a promising candidate. To reduce its background fluorescence in cells, we designed a new probe based on a commercially available 5-carboxytetramethylrhodamine fluorophore (TMR) and a dinitroaniline (DN) contact quencher. The new probe, named TMR-DN, introduces three critical features ( Figure  2D ): A pyronine Y core for high fluorescence, a negatively charged carboxylate-functionalized aromatic ring which should -similar to the sulfonated ring in sulforhodamine B -reduce non-specific binding to genomic DNA or RNA, and a tethered dinitroaniline moiety for inducing formation of a non-fluorescent intramolecular ground state dimer (26) between the fluorophore and dinitroaniline in the absence of SRB-2, as previously demonstrated for sulforhodamine B. Ideally, the contact quenching in TMR-DN would be completely abolished in the presence of SRB-2, resulting in a dramatic fluorescence increase. TMR-DN was found to not only retain the high binding affinity of pyronine Y to SRB-2 (K d = 35 nM), but also displayed a fluorescence turn-on factor of ∼17-fold ( Figure 2E ). In addition, the fluorescence of TMR-DN did not change significantly in the presence of total RNA (Figure 2e Figure S4) in vivo, and showed 49-, 27-and 9-fold higher signal-to-background ratio in SRB-2-expressing bacteria compared to pyronin B, pyronin Y and SR-DN, respectively ( Figure 2C) . Finally, the excitation and emission maxima of the complex were measured to be 561 and 587 nm, respectively (Supplementary Figure  S6) , lying in the orange region of the spectrum where the cellular auto-fluorescence is low.
Direct comparison between SR-DN and TMR-DN
SR-DN was previously developed to image SRB-2 aptamer in live cells (26) . Its fluorescence increases ∼105-fold upon binding to SRB-2 displaying a high fluorescence turn-on ratio; but it has a rather low affinity to SRB-2 (K d = 1.3 M). Here, we rationally designed a new probe (TMR-DN) with a high affinity to SRB-2 (K d = 35 nM), ∼38-fold better than that of SR-DN. On the other hand, the fluorescence turnon ratio was found to be 17-fold, which is ∼6-fold lower than that of SR-DN. Therefore, it is not obvious to anticipate which probe would result in better fluorescence signal in vivo. In Figure 2 , the signal-to-background ratios for each individual probe were compared by calculating the ratio of the average fluorescence inside the SRB-2-expressing bacteria to the fluorescence intensity inside the control bacteria. Although the control bacteria and the SRB-2 expressing bacteria were imaged under the same conditions for each dye, a direct comparison between SR-DN or TMR-DN fluorescence intensity in SRB-2 expressing bacteria cannot be made in this experiment due to different exposure times and different contrast settings. Therefore, in Figure 3 SRB-2 expressing and control bacteria (treated with 1 mM IPTG) incubated with 250 nM of either SR-DN or TMR-DN were imaged using exactly the same exposure times and the bacterial images are shown using exactly the same contrast settings. For both probes, SRB-2 expressing bacteria displayed significantly higher fluorescence than the control bacteria. Similar to the results obtained with signal-to-background ratios ( Figure 2C ), TMR-DN has proven to be a superior probe: SRB-2 expressing bacteria incubated with TMR-DN displayed ∼11-fold higher fluorescence intensity than those incubated with SR-DN ( Figure 3 ). Next, a biologically more relevant comparison was made at lower expression levels of SRB-2, using different concentrations of SR-DN and TMR-DN. This time, bacteria transformed with either SRB-2 or tRNA plasmid were grown in the absence of IPTG. When no IPTG is present, bacteria transcribe lower amounts of SRB-2 due to the basal expression of a small amount of T7 RNA polymerase under the control of lac operator. The average copy number of SRB-2 per bacterium was determined as 9.4 × 10 2 , which is ∼38-fold less than the average copy number measured at 1 mM IPTG (3.6 × 10 4 , Supplementary Figure  S5 ). SRB-2 expressing and control bacteria grown without IPTG were incubated with different concentrations of SR-DN or TMR-DN (2 M, 1 M, 500 nM, 250 nM) and subsequently imaged (Figure 4) . At 2 M, both probes resulted in extremely high fluorescence in control and SRB-2 expressing bacteria, making it impossible to distinguish the SRB-2 fluorescence from the non-specific background fluorescence. Lower concentrations of SR-DN (1 M, 500 nM and 250 nM) reduced the background fluorescence in the control bacteria; however, the fluorescence signal inside the SRB-2 expressing bacteria decreased to a similar level. Consequently, imaging of SRB-2 at these reduced expression levels was not possible with SR-DN. In contrast, the fluorescence intensity inside the SRB-2 expressing cells was always significantly higher than that of the control cells when 1 M or less TMR-DN was used. Signal-to-background ratios of ∼2.9, ∼3.6 and ∼11.2 were obtained with 1 M, 500 nM and 250 nM TMR-DN, respectively. This experiment demonstrates that TMR-DN is noticeably more sensitive than SR-DN probe for imaging less abundant RNAs.
Characterization of the SRB-2/TMR-DN complex
Next, we explored the biophysical properties of the complex between TMR-DN and SRB-2. The fluorescence intensity of the complex was found to decrease from 25 to 70
• C (Figure 5A) , and the half-point of this transition was calculated to be 41.3 ± 0.3
• C, demonstrating that >60% of the initial fluorescence signal is retained when imaging at 37
• C. Subsequently, the percentage of correctly folded SRB-2 capable of binding to TMR-DN was determined (29) to be 67 ± 4% and 63 ± 3% at 25 and 37
• C, respectively (Supplementary Figure S7 ), indicating that the change in quantum yield, rather than aptamer unfolding, is mainly responsible for the fluorescence decrease with increasing temperature.
The dependence of the fluorescence intensity on the magnesium ion concentration, which is generally between ∼0.25 and 1 mM in cells depending on the tissue type and physiological state (37), was also studied. No significant change in the fluorescence intensity of the complex was observed between 0.5 and 10 mM magnesium ion concentration. More than 80% of the fluorescence was retained even at 0.25 mM Mg 2+ ( Figure 5B ), indicating that the aptamer-probe combination works at physiological Mg 2+ concentrations.
Live-cell imaging of rRNA and mRNA
Following the characterization of the SRB-2/TMR-DN complex, we demonstrated the utility of this system by imaging several different RNAs in live cells. First, the system was applied to image 5S rRNA, a rather stable and abundant RNA, in mammalian cells using a single repeat of SRB-2 embedded in a tRNA scaffold. The nuclear and cytoplasmic distribution of 5S rRNA (13, 38) could be clearly visualized using a 5S-SRB-2 construct in HeLa cells, whereas control cells transfected with a plasmid carrying the 5S rRNA without SRB-2 tag showed minimal background fluorescence ( Figure 6A ). Next, mRNAs were imaged in live prokaryotic and eukaryotic cells, which is more challenging due to their lower abundance, shorter half-life and varying structures. To this end, 6 and 15 tandem repeats of SRB-2 (without tRNA scaffold) were fused to the 3 -UTR of GFP mRNA to amplify the signal. Bacteria expressing GFP6xSRB-2 and GFP-15xSRB-2 demonstrated significantly higher fluorescence in the TMR channel than the bacteria expressing only GFP after incubation with TMR-DN ( Figure 6B ). We observed accumulation of GFP mRNA at the poles of bacteria, likely due to the localization of the pET plasmids at the poles (39, 40) , where GFP mRNAs are transcribed from the DNA template. As expected, bacteria carrying 15 repeats of SRB-2 are ∼2.4-fold brighter than the bacteria carrying 6 repeats ( Figure 6B ). The similar levels of GFP fluorescence in bacteria transfected with different plasmids (pET-GFP, pET-GFP-6xSRB-2 or pET-GFP-15xSRB-2) imply that the addition of SRB-2 tandem repeats to GFP mRNA does not significantly affect translation efficiency. Finally, we imaged mRNAs in mammalian cells, and 15 repeats (without tRNA scaffold) of SRB-2 were fused to the 3 -UTR of CFP-TM (cyan fluorescent protein with N-terminal secretion signal and the C-terminal transmembrane anchoring domain of plateletderived growth factor receptor). HeLa cells were transfected with either CFP-TM (control) or CFP-TM-15xSRB-2 plasmids, and membrane localization of the CFP in the transfected cells was observed. Cells transfected with CFP-TM15xSRB-2 displayed significantly higher fluorescence in the TMR channel than the control cells with mostly cytoplasmic distribution of the mRNAs ( Figure 6C ).
DISCUSSION
Here, we demonstrated the utility of the genetically encoded SRB-2 tag for imaging several different RNAs with different localization patterns in bacteria and mammalian cells. An important discovery in this study is the identification of TMR-DN as a high-affinity binder of the SRB-2 aptamer, presenting a 38-fold improvement in binding affinity, and improved signal-to-background ratios in images compared to the previously reported SR-DN probe (Figures 3 and  4 ). TMR-DN shows low background fluorescence in cells, and its fluorescence increases about 17-fold upon binding to SRB-2. These features allowed no-wash mRNA imaging in living cells with TMR-DN, which was not possible with SR-DN. As can be seen from Figure 4 , TMR-DN was also used to image SRB-2 expressed at lower levels, where SR-DN did not work at all. In this experiment, despite the fact that SRB-2 was expressed at basal levels in the absence of IPTG, each bacterium still contains around ∼900 copies of SRB-2. To image truly rare RNAs or to increase signal-to-background ratios, tandem repeats of SRB-2 can be utilized. Particularly, RNA imaging in mammalian cells is more challenging due to lower expression levels of RNAs, a more complex transcriptome and higher cellular autofluorescence (41) . Therefore, tandem repeats of fluorogenic aptamers can be of great help for imaging less stable and low abundant RNAs. However, tandem repeats come with a price: they significantly increase the size of ROI, and they might alter the function and stability of ROI. For example, it was reported that certain mRNAs fused to tandem repeats of the MS2-binding RNA motif cannot be completely degraded by XRN1, the major eukaryotic 5 -3 exoribonuclease involved in mRNA decay, due to stable interaction between MS2-GFP and the MS2-binding RNA motif (42) . This caused accumulation of 3 mRNA fragments (MS2 tandem repeats without ROI sequence) in the cells, making it very difficult to determine whether the fluorescence signal is coming from the full-length transcript or from the 3 fragments. To investigate whether we face the same problems with SRB-2 tandem repeats, we isolated total RNA from HeLa cells transfected with plasmid pDisplay-CFP-TM15xSRB-2 and grown in the presence of TMR-DN. Northern blot analysis using radioactive probes against SRB-2 showed a single major band matching the size of full-length CFP-TM-15xSRB-2 mRNA (Supplementary Figure S8) . Accordingly, we conclude that the fluorescence signal in the TMR channel in Figure 6C was not caused by 3 decay products, but indeed originated from the full-length transcript. In principle, this experiment has to be performed and analyzed for every RNA to be imaged with tandem repeats. Though TMR-DN showed the best signal-tobackground ratios, it is possible to use fluorogenic pyronin Y, pyronin B or SR-DN with distinct fluorescence properties for imaging of highly abundant RNAs in bacteria. However, for imaging experiments in mammalian cells, TMR-DN is the best choice owing to its low background, high affinity to SRB-2 and high turn-on ratio. The ideal concentration of TMR-DN for SRB-2 imaging depends on the expression level of the ROI and has to be optimized to obtain the highest signal-to-background ratio in cells.
We also found that SRB-2 is completely orthogonal to Spinach/Broccoli and malachite green (MG) aptamers. No cross reactivity was observed between the aptamers and their ligands (TMR-DN, malachite green and DFHBI, Supplementary Figure S9 ). When combined with the green fluorescent Spinach/Broccoli aptamers or far-red fluorescent MG aptamer, the orange fluorescence of the SRB-2/TMR-DN system would allow for imaging multiple RNAs. Furthermore, orthogonal fluorescent aptamer pairs provide exciting new tools for synthetic biology that could help understand the complex systems (43, 44) .
Another advantage of the SRB-2/TMR-DN system is its high brightness with a fluorescence quantum yield of 0.33, almost as bright as EGFP (45) ( Table 1) . SRB-2/TMR-DN has only two thirds of the size of EGFP and is disturbed to a smaller extent by autofluorescence compared to other green fluorescent proteins or aptamers (41) . While already suitable for imaging abundant RNAs in both prokaryotes and eukaryotes, further improvements in this system will allow imaging rare RNAs with smaller repeat numbers of SRB-2, likely resulting in minimized perturbations of the RNA's function.
